Aims/hypothesis. Assessment of autonomic dysfunction provides prognostic data in diabetic patients. Clinical tests are limited to heart rate variability and blood pressure measurements. We investigated whether a detailed analysis of postural reflexes of patients during short-term head-up tilting and standing erect (both for 3 min) would provide useful clinical data. Methods. We studied 14 control subjects and 56 patients with Type 2 diabetes, stratified into four matched groups: uncomplicated, micro-albuminuria, marco-albuminuria and autonomic neuropathy, who were tilted 55°three times and were standing erect. Non-invasive finger plethysmography blood pressure measurements, using the Portapres, and impedance cardiac output measurements, using the RheoCardioMonitor, were continuously recorded throughout the study. Wavelets of the response to tilting and standing were drawn. The wavelets for the three tilts were combined to improve definition. The degree of autonomic dysfunction was quantified by calculating the baroreflex sensitivity index from the heart-rate and bloodpressure variability data. Results. Baroreflex sensitivity data confirmed that autonomic dysfunction increased as diabetic complications worsened (p<0.001). Both standing and tilting resulted in an initial decrease in blood pressure followed by recovery, an increase in heart rate which was more pronounced with standing and a decrease in stroke volume. Characteristic and incremental changes in these responses were noted as the complications of diabetes worsened (p<0.001). These were a greater decrease in blood pressure with loss of the recovery phase, a reduced heart-rate response and paradoxically an increase in stroke volume. Conclusion/interpretation. Non-invasive blood-pressure and stroke-volume measurements recorded during short-term tilting and standing promises to be useful in assessing diabetic autonomic dysfunction. [Diabetologia (2004) 47:304-311] 
Diabetes is a common disorder that affects over 5% of the adult population in most developed countries and the prevalence is increasing rapidly in developing countries [1] . Most patients have maturity onset, or Type 2 diabetes, which develops later in life. It is caused by a failure of the body's blood-glucose control mechanisms and results in multiple systemic complications that lead to disability and eventually death. Thus, diabetes is a major public health concern and the main focus of management is aimed at preventing and treating the complications [2] .
Neuropathy is an important complication of diabetes [3] . It is caused partly by damage to the blood vessels that supply nerve fibers and results in numbness, altered sensation, pain and loss of function. The autonomic nerves are also commonly involved and although patients are initially asymptomatic, clinical evidence of early involvement is present in most diabetic patients. Symptoms include abnormal sweating, gastric stasis (gastropareisis) and chronic diarrhoea, bladder and erectile dysfunction and abnormal postural cardiovascular reflexes. Defects in the postural reflexes can lead to dizziness, lightheadedness and postural hypotension with syncope, all of which can limit daily activity. Early diagnosis of these problems can help the physician implement treatment strategies that improve the patient's quality of life [4] . Current methods of screening for autonomic dysfunction and impaired postural reflexes are limited to analysis of heart-rate and blood-pressure responses after standing, sustained handgrip, Valsalva maneuver and deep breathing tests [5] . Screening for these abnormalities has now become routine practice in most diabetes assessment clinics.
We describe a more sophisticated method of evaluating postural reflexes, that involved measuring dynamic changes in blood pressure, heart rate and cardiac output using the noninvasive technologies of finger plethysmography [6, 7] and impedance cardiography [8, 9] . Head-up tilting and standing tests were used to challenge the autonomic nervous system. We applied the test to patients stratified into worsening complications of diabetes. We referenced the degree of autonomic dysfunction by measuring the baroreflex sensitivity index [10, 11] and the degree of neuropathy using the 24-h urinary albumin excretion rate (UAER), which had been shown to be a good index of autonomic neuropathy in several studies [12, 13] . A number of effects of diabetes on the cardiovascular response to postural stress were identified, that could prove useful in identifying diabetic patients with early autonomic dysfunction.
Subjects and methods
Patients and healthy subjects. The local ethics committee approval for the study and written informed consent from each subject were obtained. Type 2 diabetic patients attending the Prince of Wales Hospital were recruited. They were excluded if they (i) had evidence of severe cardiovascular or cerebrovascular disease, such as a stroke, myocardial infarction or abnormalities of the heart valve; (ii) had an irregular heart rhythm or cardiac pacemaker; (iii) were taking medications that could affect the response of the circulation to standing or tilting, such as beta-blockers, digoxin or antidepressants; (iv) were unable to cooperate or lie still on the tilting table; (v) had a neurological disease, such as Parkinson's disease or epilepsy, or a systemic illness, such as alcohol abuse or malignancy that could effect the autonomic responses.
A group of diabetic patients (n=14) with clinical evidence of autonomic neuropathy (group-AN) were first recruited, including patients with postural hypotension (n=3 patients), resting tachycardia (n=2), gastroparesis (n=2), constipation and/or nocturnal diarrhoea (n=3), unstable diabetes (n=2), hypoglycaemia unawareness (n=1), atonic bladder (n=3), impotence (n=2), and dependent oedema and/or feet coldness (n=2).
These patients were then matched according to age, sex and duration of diabetes, when appropriate, [14] with a group of healthy control subjects and diabetic patients (i) without complications (D), (ii) with micro-albuminuria (DI) and (iii) with macro-albuminuria (DA). Five groups in total were studied. The degree of albuminuria was used to catagorise nephropathy. Micro-albuminuria was defined as a 24-h UAER of 30 to 300 mg or a 4-h overnight UAER of 20 to 200 µg/min collected on at least two occasions during the previous year. Macroalbuminuria was defined as a 24-h UAER of greater than 300 mg or 200 µg/min on at least two occasions during the previous year.
Study protocol. Subjects, usually two per session, were studied in the morning. They were instructed not to eat, drink tea or coffee or smoke and to avoid vigorous exercise for at least 12 h before attending the study. Their morning medication was delayed until after the study. Blood results including fasting lipids, fasting plasma glucose, and the HbA 1c taken within the last 3 months, BMI and baseline blood pressure were used for baseline data. The subject was asked to lie on a manual tilt table (Akron Therapy Products, Ipswich, UK). He or she was kept horizontal and haemodynamic monitors were attached. The subject's circulation and the monitoring equipment were allowed to stabilize for 10 min. The subject was instructed to breathe regularly and not to talk or sleep during the study. The room was kept quiet and at an ambient temperature of 20 to 22°C. Data collection then commenced. The subject was kept supine for another 10 min, during which baseline measurements of haemodynamic and spectral data (HR and BP variability) were made. Then he or she was rapidly tilted over for 5 s to a 55°head-up position and kept in this position for 10 min, during which further spectral data were collected. The subject was then returned to the supine position. After 3 min, the subject was tilted again to 55°but this time the head-up position was maintained for only 3 min before returning to the supine position. This tilt sequence was repeated three times during which data for analysis of the tilting wavelets were collected. The average response from three tilts was used. Finally, the subject was asked to quickly stand erect from the supine position and to remain standing unsupported for 3 min.
Haemodynamic data collections. The finger plethysmograph used was the Portapres (TNO, Biomedical Instrumentation, The Netherlands) [15] . It was attached to the subject's right middle and index fingers, using pneumatic finger cuffs, with a height correcting unit placed on the chest at the level of the apex of the heart. It stored both the blood pressure (BP) waveform and 10-s interval measurements of systolic (SAP) and mean (MAP) arterial pressure and heart rate (HR). The impedance device used in the study was the RheoCardioMonitor (Rheo-Graphic Pte, ACMA, Singapore) [16, 17] . It was attached to the subject using six skin electrodes. Four of these were spot electrodes that were placed on the forehead, lateral aspects of the mid-neck and left thigh, and two large patch electrodes (5×5 cm 2 ) placed on the lateral chest wall at the level of the diaphragm and ziphoid process. The skin surface was prepared by degreasing, using an alcohol swab prior to electrode placement. The RheoCardioMonitor stored both the impedance waveforms and derived variables, such as stroke volume (SV) and cardiac output (CO), at 10-s intervals. The stored 10-s interval data from both devices were later exported into Microsoft Excel for wavelet analysis. More detailed descriptions of these two devices can be found elsewhere [7, 15, 16, 17, 18] . A system for measuring heart rate variability developed in house was used [19] . It consisted of an electrocar-diograph monitor, signal processor and attached computer with custom written software. It was attached to the subject's chest using a three-electrode montage. The same computer software was also used to spectrally analyse the blood pressure variability from the waveform data stored by the Portapres.
Spectral data. Power spectral analysis was done on the waveform data from the Portapres and the electrocardiogram signal sampled at 1000 points per second. The Fast Fourier Transform method was set at 512 RR intervals or heart-beats. An autoregressive model was applied to give continuous rather than intermittent spectra [10] . The electrocardiogram RR interval data was first cleansed of artifact by excluding any sequential RR readings that differed more than 20% and by inspecting the data to minimise errors, such as missed QRS complexes or spurious signals [20] . The power content of the spectrum was determined by measuring the area under the spectral curves. It was measured for both the low frequency (LF: 0.04-0.15 Hz) and high frequency (HF: 0.15-0.40 Hz) bands [10] . The baroreflex sensitivity index (index alpha) was also derived from spectral data using both HR and BP [11] . First the data were checked for agreement by calculating the squared coherency [21] . Providing the value was greater than 0.3, the index could be legitimately calculated for both the supine and head-up positions, which where: Data analysis. Baseline values for each haemodynamic variable were measured by averaging the 10-s interval data collected during the initial 10-min pre-tilt period. Mean values for each group of patients were then calculated. Total peripheral resistance (TPR) was also derived, where TPR=MAP/CO. The 10-s interval serial data from the Portapres and RheoCardioMonitor were imported into Microsoft Excel for wavelet analysis. The cardiovascular effects of tilting and standing were investigated using the data collected during the later part of the protocol. For each variable, data collected during repetitive tilting were averaged to produce a single 6-min wavelet of the tilt response. The moment when the subject was tilted head-up was used as a common central reference point, which was set at 0 min ( Fig. 1 and Fig. 2) . The tilting and standing wavelet data were normalised to unity, thus providing the relative changes in each variable with respect to the supine or preresponse value. A mean value for the pre-response period was first determined between −2 to −1 min and each data point in the wavelet series divided by this mean. Thus, bias due to differences between the subjects in their baseline haemodynamic variables was eliminated. The average tilting and standing wavelets for each group of subjects (n=14) and for each variable (SAP, MAP, HR, SV, CO and TPR) were then determined. These wavelets were plotted to show the postural responses in the five groups (Figs. 1, 2) . A number of consistent features in the wavelets were identified that could be used to quantify individual subject's response to postural stress (Figs. 1, 2 ). These were (i) the initial decrease in MAP on tilting, which was de- rived from the minimum value during the first 0 to 30 s; (ii) the subsequent recovery or plateau in MAP during tilting, which was derived from the average value between 90 and 150 s; (iii) the initial peak in HR on standing, which was derived from the maximum value during the first 0 to 30 s; (iv) the subsequent rise or plateau in HR during standing, which was derived from the average value between 90 and 150 s; and (v) the decrease (or increase) in SV during tilting, which was derived from the average value between 90 and 150 s.
These indices of the subject's postural response were calculated from the wavelet data as indicated and used to make comparisons between the groups.
Statistical analysis. Data were analyzed using the statistical programs, Statistical Package for the Social Sciences version 8.0 (SPSS, Chicago, Ill., USA) and StatView for Windows (SAS Institute, Cary, N.C., USA.). Demographic and baseline haemodynamic data were compared using ANOVA, KrustalWallis and Chi-square tests. Spectral data and indices of the postural response derived from the wavelet data were compared using Kendall's rank correlation coefficient, tau (τ). The relationship between these indices as diabetes became worse was compared using multiple ANOVA. Data was presented as means (SD or range). A p value of less than 0.05 was considered significant.
Results
Demographic data. Data from diabetic patients (n=56) and control subjects (n=14) are presented. The diabetic subjects were arranged into four equal groups of 14 patients (D, DI, DA and AN) according to their degree of nephropathy (UAER) or their symptoms for autonomic neuropathy. The groups were matched according to age and sex (six males and eight females) with the AN group (Table 1) . Subjects in group D were free from any complications of their diabetes ( Table 1 ). The diabetic subjects with nephropathy or autonomic neuropathy [DI (n=10), DA (n=14) and AN (n=10)] showed clustering with other features of the metabolic syndrome, such as hypertension, hyperlidaemia and obesity. It was not practicable to select patients with severe disease free from co-morbidity due to its high incidence. Healthy control subjects received no medications. Diabetic patients received multiple medications ( Table 2) . BMI of subjects in the D and AN groups were lower than that of the other groups (p=0.007). Blood glucose concentrations and duration of disease were similar amongst the four diabetic groups (Table 1) .
Spectral data. The spectral power in the LF and HF components of the heart-rate variability decreased both when supine and tilted as diabetes became worse across the groups (p<0.001, Table 3 ). The baroreflex sensitivity index also decreased as diabetes became worse (p<0.001, Table 3 ).
Baseline data. Baseline haemodynamic data for the five groups are shown in Table 4 . The baseline HR increased as diabetic complications became worse (p<0.01). The resting systolic and mean blood pressure also increased (p<0.01). The resting SV was lower in the D and AN groups (p<0.02). Wavelet data. The haemodynamic effects of standing and head-up tilting to 55°on the five groups are shown in Fig. 1 and Fig. 2 . By using the average responses of three head-up tilts, rather than a single response as used for standing, we were able to improve the variability between points in the data series and improve the resolution of these wavelets. Standing resulted in an initial decrease in MAP, followed by recovery within 1 min. In the AN group the decrease was exaggerated and the recovery delayed. Tilting caused a less pronounced decrease and the degree of recovery was related to worsening diabetes (Fig. 1 ).
There was a trend towards a greater initial decrease in MAP (τ=−0.316: p=0.0008) and less recovery in MAP (τ=−0.390: p<0.0001) as diabetes became worse (Table 5) . Standing resulted in an initial rise (peak) in HR, which was sustained albeit at a decreased level. This peak was not present during tilting (Fig. 2) . The peak became less pronounced (τ=0.384: p=0.0006) and the subsequent increase less (τ=0.289: p=0.0017) as diabetes became worse (Table 5 ). Both standing and tilting resulted in decreases in SV and CO (Fig. 2) . These decreases became less pronounced (SV: τ=0.401: p<0.0001) as diabetes became worse, to the extent that both SV and CO increased in most of the severely effected diabetic patients (Table 5 ). There 
Data are given as means ±SD percentage increases (↑) and decreases (↓). a Data from standing response. Other indices use tilting response data. Haemodynamic variable MAP, HR and was no demonstrable relationship between the different indices of the postural response (Table 5 ) and worsening diabetes.
Discussion
In this study, we show the typical cardiovascular responses to both standing and head-up tilting, which includes the less frequently reported changes in SV, CO and TPR. These changes were in keeping with previous reports [22, 23, 24] . We also showed characteristic and incremental changes in this response as the complications of diabetes became worse. We were able to greatly improve the quality of the final wavelet of the postural response by repeating the head-up tilt and combining the results. Standing resulted in a very obvious immediate response, that was absent during tilting. This was particularly evident in the heart-rate wavelet. However, we were unable to determine, due to limited study size, which of these changes were most predictive of autonomic dysfunction. Therefore, further investigations are required to standardise the test and to determine which parameters are useful clinical indicators.
Patients with diabetes were grouped in the study according to the degree of nephropathy, which is an accepted index of deteriorating diabetic condition [12, 13] . In particular, we wanted to group them according to deteriorating autonomic function and we used the heart rate variability and baroreflex index to assess autonomic function [10, 11] . By measuring these parameters, we were able to show that our original groupings based on UAER correlated well with deteriorating autonomic function, as both the spectral power and the index decreased as renal function deteriorated. Furthermore, we found that the LF component of the heart-rate variability, which is reported to represent mainly sympathetic activity [10] , increased with tilting in the healthy control subjects, but decreased in the diabetic groups. Though these changes were not large, perhaps reflecting the reduced cardiovascular stress of tilting compared to standing, these changes could prove useful in differentiating patients with diabetes and early neuropathy.
Conventional tests of autonomic nervous system function are usually limited to simple ratio measurements of heart rate and blood pressure during stressful activities such as standing, sustained handgrip, the Valsalva manoeuvre and deep breathing [25] . Such tests have the advantage that they can be easily done in the doctor's office or clinic, without the need for expensive equipment or time-consuming analyses. Occasionally, more sophisticated tests involving heart rate and blood pressure variability are added [10] . Autonomic dysfunction is diagnosed by the presence of several abnormal test results. Our investigation of autonomic dysfunction differed in that we also recorded blood flow changes and our measurements were made at regular 10-s intervals. Thus, we were able to analyse the postural response in greater detail and identified a number of previously unreported effects of autonomic dysfunction in the diabetic patient, which could prove useful as indices of deteriorating automonic function, such as the blunting of the initial and recovery phases of the BP response and the paradoxical SV and CO response.
Finger plethysmography was one of the few noninvasive methods available for measuring continuous blood pressure changes. The Portapres was the most recent of a series of plethysmographs and incorporates several improvements over its predecessor the Finopres, such as a height correction unit and frequent recalibrations to compensate for any baseline drift in the finger-cuff sensors. Impedance cardiography was first developed in the 1960's [8] . The original impedance devices, such as the Minosota impedance cardiograph and BoMed NCCOM3 [26, 27] , were limited in their ability to provide detailed on-line data [9] . The RheoCardioMonitor was a more recently developed device, which provided a visual display of the impedance waveforms, on-line data analysis and data storage [16, 17, 18] . The main concern when using impedance cardiography has been the uncertainty regarding its accuracy [28, 29, 30] . The technique uses an equation to calculate cardiac output [16, 27] that is based on a number of assumptions and the input of several measurements of patient size. Errors in these measurements can lead to large discrepancies in the measurement of cardiac output [31] , which are further affected when lung injury is present [32, 33] . However, the technique is still regarded by many as a reliable trend monitor and has been shown to provide reliable shortterm measurements of changes in stroke volume and cardiac output [18, 34, 35] . Thus, the use of the RheoCardioMonitor was very appropriate considering the requirements of our study. To overcome the issue of calibration, we normalised the data and only analysed changes with respect to the pre-response value.
Previous research involving head-up tilting has focused primarily on prolonged periods of tilt, usually for over 30 min and often to induce syncope [36] . We used a much shorter 3-min tilt period, because we were interested in the initial dynamic and static phases of the response, which we had investigated previously [22] . Patients in our experience can become restless after about 30 min of lying on a tilt table, so it was important to limit the duration of each tilt. We also needed to improve the reliability of our postural response data. Individual wavelet responses can be easily corrupted by external influences, such as the patient being disturbed or coughing. By using the summation of a number of wavelet responses, we intended to minimise such effects. Previously, we had shown that a minimum of three head-up tilts was sufficient [37] . We did not perform repeated standing, so the quality of the standing response curve data was not as good.
By tilting the patient head-up by 55°, a natural halt position in the mechanism of our tilt table, we generated a gravitational effect on the circulation that was equivalent to being 82% fully upright or standing [24] . This was sufficient to evoke a sizeable postural circulatory response. However, the response to headup tilting differs from that of standing because, whereas tilting is a purely passive process, standing involves movement and skeletal muscle activity. This leads to significant differences in the circulatory effects, as muscle activity during standing enhances venous return and increases sympathetic tone [24] . This was most noticeable with the initial peak in heart rate when standing. Furthermore, standing can be divided into two distinct phases; (i) an initial dynamic phase when the subject moves and (ii) a secondary static or isometric phase when posture is maintained by isometric muscle contraction. In comparison, tilting is a much simpler physiological process and this can prove advantageous when evaluating postural reflexes. For example, during standing our blood pressure data showed a very a pronounced decrease, followed by a rapid recovery. However, tilting produced a more gentle response with less recovery and greater differentiation between the normal and abnormal response. This difference could prove useful when differentiating between normal and impaired responses.
The paradoxical increase in stroke volume and cardiac output in the more severe diabetic patients was unexpected. It would have been reasonable to expect the cardiac output to decrease in patients with autonomic dysfunction, particularly as blood pressure decreases and the mechanisms controlling the circulation are impaired. However, similar increases in cardiac output with an upright posture have been reported [38, 39, 40, 41] . A group using impedance cardiography, reported similar increases in some elderly patients during 60°head-up tilting. These authors suggested that the abnormal response was due to autonomic dysfunction, which we now confirm, as well as increased peripheral arterial rigidity [40] . Two further studies in elderly patients also support these findings [38, 39] . Kassis using Doppler to measure cardiac output in congestive heart failure patients also reported increases with upright posture. This was attributed to a faulty sympathetic reflex, causing vasodilation and hypotension rather than vasoconstriction and a rise in stroke volume due to the decrease in afterload [41] . Our data confirms that there is a relationship between autonomic dysfunction and the paradoxical rise in cardiac output during upright posture. It also shows that total peripheral resistance (peripheral vasodilation) and blood pressure decrease during the paradoxical increase, thus supporting Kassis's explanation of decreased afterload. However, we also suggest that the paradoxical increase in cardiac output may arise because the postural reflexes overcompensate, because they are impaired and poorly tuned.
In conclusion, the measurement of short-term tilting and standing responses seems to be useful, as it provides some new indices of autonomic dysfunction. These indices can be of value when detecting diabetic patients with early damage to their autonomic nervous system. Further work is still needed to clinically assess the validity of these indices and to develop them into useful clinical tests.
